). Remarkably, even though the ( , ) structures look similar, the span of the local field varies by more than three orders of magnitude between the samples (see color bars). Figure 1g shows the quantitative analysis of the rms, ̂, and peak-to-peak, (inset By summing the moments of the flipped islands as function of magnetic field, we find that the total in-plane moment ( ∥ ) and its saturation value derived microscopically over a very small area (8×10 -8 of the 55 mm 2 sample area) well account for the global magnetization of the sample (Fig. 3g) . The reversal process of the individual nanoscale islands thus provides a quantitative description of the macroscopic magnetization behavior of LMO/STO heterostructures.
thermodynamic phase separation leading to nucleation of metallic ferromagnetic islands in an insulating antiferromagnetic matrix. The model further suggests that the nearby superparamagnetic-ferromagnetic transition can be gate tuned, holding potential for applications in magnetic storage and spintronics.
In recent years the extensive efforts to create new types of heterostructures based on transition metal oxides have come to fruition [4] [5] [6] [7] [8] . The strong interactions characterizing these materials are an appealing feature as they provide a nurturing platform for new phases 9 .
Interestingly, in the most extensively studied LaAlO 3 /SrTiO 3 (LAO/STO) system, the nonmagnetic insulator parent compounds give rise to conductivity 4,7 , magnetism [10] [11] [12] [13] [14] [15] , and superconductivity 5, [14] [15] [16] [17] which are sharply tuned by the number of LAO layers in the heterostructure. Motivated by the complex physics arising at the heterointerfaces of band insulators, we studied LaMnO 3 /SrTiO 3 (LMO/STO) heterostructures, in which one parent compound (LMO) exhibits a very diverse phase diagram already in the bulk 18 . In undoped LMO, orbital order due to Jahn-Teller distortions of the MnO 6 octahedra sets in at high temperatures of 750 K. Subsequently, magnetic exchange between Mn 3+ ions leads to formation of 'A-type' antiferromagnetic (AFM) phase with Néel temperature of 140 K in which ferromagnetic (FM) planes are aligned antiferromagnetically 19, 20 . At high doping, bulk LMO undergoes a phase transition into a FM metallic state 19 . Hence the interplay between charge, orbital, and spin degrees of freedom combined with the fact that LMO has a polar structure similar to LAO, offers exciting potential for new emergent phenomena in superlattices and heterostructures [20] [21] [22] [23] . In particular, since the existence of magnetism and its possible origins in LAO/STO remain controversial 3, 24 , the prospect of realization of tunable magnetic order in LMO/STO is of high fundamental and technological interest.
identical. To uncover the underlying magnetization process, we numerically subtract Fig. 2a from Fig. 2b , revealing small isolated dipole-shaped features in the differential image Δ ( , ) in Fig. 2c and in the corresponding Movie M3. Figure 2d presents the numerical fit (Supplementary S2.7) of Δ ( , ) demonstrating that the dipole-shaped features are magnetization reversals of isolated nanoscale islands with in-plane magnetic moment . As ∥ is increased, isolated islands undergo moment reversals at random locations, as presented in Fig. 3e and Movie M4, indicating weak inter-island interactions.
The observed magnetic behavior is profoundly different from the expected FM state. In a FM film, the magnetization reversal occurs through motion of domain walls (DW) separating regions of different magnetization orientation, until a homogeneous state is achieved at full magnetization. In LMO/STO heterostructures, in contrast, no DW motion is found, and moreover, the microscopic field ( , ) in the fully magnetized state at ∥ much larger than the coercive field is highly nonuniform and is similar to the ZFC ( , ) as shown in By summing the moments of the flipped islands as function of magnetic field, we find that the total in-plane moment ( ∥ ) and its saturation value derived microscopically over a very small area (8×10 -8 of the 55 mm 2 sample area) well account for the global magnetization of the sample (Fig. 3g) . The reversal process of the individual nanoscale islands thus provides a quantitative description of the macroscopic magnetization behavior of LMO/STO heterostructures.
Our local measurements are carried out at = 4.2 K well below the blocking temperature which can be estimated from the temperature dependence of the global magnetization ( Fig.   S7 ). Therefore, the fast temporal SPM dynamics are expected to be suppressed, leading to hysteresis in DC magnetization measurements 27 (Figs. 3g and S6). To investigate the existence of slow dynamics, ∥ was abruptly raised and a sequence of ( , ) images were acquired at 380 sec intervals in = 6 u.c. sample at constant 0 ∥ = 80 mT (Movie M5).
The corresponding Δ ( , ) images (Figs. 2e,f and Movie M6) reveal the presence of a random moment reversal process following the fast field increase and leading to a slow relaxation of the overall magnetization. The rate of the moment relaxation d /d decays monotonically with time ( Fig. 2g ) as anticipated for tunneling or thermal activation in a tilted potential. Observation of this nanoscale relaxation process is a direct manifestation of the slow dynamics of SPM islands at < . (Fig. 4a) .
The charge reconstruction due to the polar structure of LMO leads to electron transfer to the LMO side of the interface from either the Mn orbitals at the top surface or from oxygen vacancies 28, 29 . The number of transferred electrons grows with > until it asymptotically reaches 0.5 excess electrons per u.c. (Fig. 4e) . The Hund's coupling between the Mn core spins and electrons impedes hopping of any excess charges between AFM aligned sites, while FM alignment of the core spins allows excess charges to delocalize, thus lowering their kinetic energy 19 . This double-exchange mechanism should therefore lead to a phase transition from an insulating AFM to a metallic FM state, giving rise to a conducting FM layer at the interface at high carrier concentrations (Fig. 4b) .
Our calculation reveals, however, that a new ground state with spontaneous phase separation emerges (S1). In this state nanoscale FM metallic islands of segregated excess electrons with ≅ 0.17 electrons/u.c. are formed at the interface within the undoped insulating AFM matrix (Fig. 4c) . The competition between kinetic energy, Coulomb interactions, and the core spin exchange interaction determines the separation and size of the islands. Self-consistent calculation of the electrostatic potential shows that the metallic FM islands are confined to the vicinity of the interface, spreading over a finite thickness of a few u.c. (Fig. 4e) . For = 12, the islands reach = 20 nm and = 1.610 4 ( Fig. 4f) , in good general agreement with the typical size and magnetic moment found in the experiment (Fig. 3f) .
Importantly, our model predicts that the phase separation occurs for all thicknesses > of LMO and the areal fraction of the magnetic islands remains below 1 (Fig. 4g ). Since the islands are of nanometer size and well separated from each other, the system always remains in an insulating SPM state. Intriguingly, if the excess electrons at the LMO/STO interface originate from Mn orbitals at the LMO surface rather than from oxygen vacancies, a doublelayer of hole-doped and electron-doped islands will form as depicted in Fig. 4d . The saturation magnetization in Fig. 1g was calculated assuming this double-layer scenario combined with bulk LMO contribution of 0.2 /u.c. due to canting in the AFM phase 19,30 .
Consistently, for ≤ , the residual in Fig. 1g 
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The authors declare no competing financial interests. of the SPM reversals in (e) and the corresponding island diameters (top axis) using = 2 u.c. (g) Cumulative magnetic moment vs. applied field (red) attained by vectorial summation of all the reversal events after sweeping the field from large negative value. The dashed line shows corresponding schematic reconstruction of ( ). Global ( ) measurement (blue, after subtraction of bare STO ( )) normalized by the total sample area relative to the imaged area. As discussed in the main text, LMO/STO consists of an electron-doped layer within the LMO near the interface and a hole doped layer at the top surface. We estimate the charge density qe (per 2D u.c.) of doped LMO layers using q(N ) = 0.5(1 − N c /N ) (Fig. 4e) , where we take the critical thickness N c = 5 in conformity with experiment. This simple form can be obtained in the intrinsic polar catastrophe scenario [23] ; however, here we treat it as an empirical formula. Since our model is electron-hole symmetric, from here on, we only refer to the electron-doped layer.
S1.1.1 Schrödinger-Poisson calculation
The excess charges are confined close to the surface and interface due to electrostatics. However, they can lower their kinetic energy by delocalizing in the z-direction. We self-consistently obtain the spread N e of the electrons from the interface along the z-direction by performing a Schrödinger-Poisson calculation, assuming a single hole-doped layer with charge +qe per 2D u.c. as a boundary condition at the top surface. This gives us an estimate of the layer-resolved charge distribution n(l), l being the layer index, and the effective single-particle potential V eff (l) that confines the electrons near the interface. The electric field (in the z-direction) between layers l and l + 1 is E(l, l + 1) = E pol + E S + E H , where E pol = 2πe/˜ a 2 is the electric field due to alternating polar LaO + and MnO 2 − sublayers, E S = −2πqe/˜ a 2 the field due to the hole-doped layer at the surface and
is the electric field due to the Hartree potential for the charge distribution {n(l)}. Here˜ 18 [31] is the low temperature dielectric constant of bulk undoped LMO. The potential V eff (l) is obtained by summing over the fields from the interface to the l-th layer. The kinetic energy is given by H 0 = k,ll ll (k)a † kl a kl , where the energy dispersion ll (k) contains the z-direction hopping t and the 2D dispersion in the xy-plane, 0 (k) = −2t(cos k x a + cos k y a) ≈ −4t + ta 2 k 2 , with k = (k x , k y ). We work with spinless Fermions, as appropriate for the double exchange model (see below) assuming a uniform FM phase for the doped layers. The Hamiltonian H 0 + V eff is diagonalized starting with an initial charge distribution {n(l)} and n(l) is obtained self-consistently via n(l) = kλ n F (ε λ (k)) |ψ λl (k)| 2 , where ε λ (k) and ψ λl (k) are the eigenvalues and eigenfunctions, respectively, and n F is the Fermi function. The Fermi energy is determined by the charge neutrality constraint N l=1 n(l) = q. The results for n(l) and V eff (l) are shown in Fig. S1 . Since the charge density profile decays exponentially with the number of layers, to determine the number of doped layers we used a cut-off of n = 0.005. Below we show that the doped layers lead to a phase-separated (PS) state exhibiting superparamagnetism.
S1.2 Phase separation in LMO/STO
As discussed in the main text, the 'A-type' antiferromagnetic (AFM) state of undoped LMO consists of ferromagnetic (FM) planes that are aligned antiferromagnetically [18] [19] [20] 31] . The AFM state can S2 be described by the Hamiltonian
where i is the position of the Mn 3+ ions on a simple cubic lattice with spacing a = 0.39 nm,μ denotes the directions in the FM planes andν the out-of-plane AFM direction. S i and s i are the core spin (S = 3/2) and e g electron spin, respectively, coupled via Hund's coupling J H . We work with J F = J AF = J > 0 and in the limit J H → ∞. The AFM in LMO is slightly canted, leading to a small magnetic moment ∼ 0.2 µ B per u.c. due to Dzyaloshinskii-Moriya exchange [19, 30] . We incorporate this by assuming a background magnetic moment of ∼ 0.2 µ B per u.c. while estimating the saturation magnetization of the sample.
LMO can be doped by injecting excess e g electrons or holes, either chemically or electrostatically, as in the LMO/STO heterostructure. The kinetic energy of the carriers is described by the 'double exchange' model [32] 
Here θ i is the polar angle of the core spin and t is the hopping amplitude of the carriers (a i ). The above term prefers the core spins to align ferromagnetically (θ i = θ j ), and thereby tends to induce metallicity. We take t = 0.3 eV and J = 0.1t [32] for our calculations. The competition of FM double exchange with the AFM superexchange is believed to be at the root of the nanoscale phase separation in doped manganites [32, 33, 34] . In the PS state, the long-range Coulomb interaction between non-uniform excess charge distributions plays a crucial role in determining the typical scale of the phenomenon. Indeed, using the above model and taking into account the Coulomb energy cost, we find that in bulk LMO the PS state is formed for doping below x = x c ≈ 0.1, giving rise to metallic FM islands with size ∼ 4 − 20 nm and an excess charge density ∼ x c , embedded in an undoped insulating AFM matrix. Below, we estimate the energy of the PS state as a function of the FM area fraction p a and the radius R of the islands in the 2D case of the LMO/STO heterostructure.
Kinetic energy: In the following, we estimate the kinetic energy E kin (R, p a ) of the electrons within the FM island subjected to the effective confining potential V eff (l). The kinetic energy of the electrons confined within an area πR 2 in the xy plane is obtained from H 0 = n,ll ll (n)a † nl a nl , where n = (n x , n y ); n x , n y being positive integers and ll (n) contains z-direction hopping t and 2D particle-in-a-box energy levels 0 (n) ≈ −4t + ta 2 π(n 2 x + n 2 y )/R 2 for a box of linear dimension √ πR. By diagonalizing H 0 + V eff , we obtain the kinetic energy of the electrons E kin (R, p a ) as a function of R and the FM fraction p a .
Magnetic energy: The formation of FM islands, while reducing the kinetic energy, leads to loss of magnetic exchange energy, which essentially limits the FM area fraction p a . As shown in Fig. S2 , there are three possible A-type AFM arrangements for the LMO/STO structure. If the spin configurations of Fig. S2a and Fig. S2b are realized, then one expects to see a large magnetic signal from different AFM domains in the SOT scans for odd number of LMO layers for N ≤ N c , in contrast to our observations (Fig. 1) . Also, the configuration of Fig. S2b is highly unlikely as our SOT measurements find that the SPM islands have in-plane magnetic moment. Therefore, for our calculations, we consider the spin configuration of LMO/STO heterostructure for N ≤ N c could be different from the A-type AFM in the bulk, e.g. G-type or C-type. However, the qualitative fact that we obtain an inhomogeneous SPM state for all N ≤ 200 will not change if we take G-type of C-type AFM states as FM tendencies will be even more suppressed. For N > N c , N e layers get doped with electrons. If these layers host FM islands in an AFM matrix with a FM area fraction p a , then the magnetic energy of the N e layers is given by E mag (p a ) = −(3N e − 2p a N e − 1)JS 2 . As in the case of bulk LMO, the competition between kinetic double exchange and magnetic superexchange gives rise to a PS state with p a < 1. However, as the excess charges segregate within the FM regions, it costs a lot of Coulomb energy to form a large FM region. This essentially limits the size of the FM islands. 
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Coulomb energy: To obtain the Coulomb energy cost, we approximate the hole-doped layer at the surface as a uniformly charged 2D plane with surface charge density σ 0 = qe/a 2 and the electron doped layer at the interface as a square lattice of 2D disks, with radius R and surface charge density σ f = −σ 0 /p a , having average spacing (π/p a ) 1/2 R. The Coulomb energy is obtained from
is the area of the system, and ρ(k) is the Fourier transform of the 3D charge density. For FM area fraction p a < 1, the Coulomb energy (per 2D u.c.) contribution from the non-uniform part of the charge distribution is obtained as
where g = 2 √ π(g 1x + g 2ŷ ), g 1 , g 2 being integers, and J 1 (x) the Bessel function, and V = e 2 / a is determined by the dielectric constant = PS in the PS state. Since PS is not known, we take for our calculation PS ≈ 100, the value for doped LMO [31] . However, our results do not change qualitatively over a range of PS values.
S1.2.1 Results
Summing over E mag (p a ), E kin (R, p a ), and E Coulomb (R, p a ), we obtain the energy E PS (p a , R) of the PS state and minimize it to obtain the optimal diameter D and area fraction p a of the FM islands, as shown in figures. 4f and 4g. The magnetic moment m (Fig. 4f) of the FM islands is obtained from their volume πR 2 N e a assuming 4µ B per Mn atom. The total magnetic moment M of the sample (Fig. 1g) is calculated by summing the magnetic moments m of the electron-and hole-doped layers over the 5 × 5 mm 2 area of the sample, as well as the background contribution of 0.2µ B per Mn for the (N − 2N e ) + 2(1 − p a )N e undoped AFM part of the LMO layers. Energies of the SPM and FM states are compared in Fig. S3a . We find the SPM state to be stabilized over uniform FM, i.e., p a < 1, for all thicknesses 6 ≤ N ≤ 200, in conformity with our SOT measurements. The charge density inside each FM island varies weakly with N for N > 6 and stays around 0.17 (Fig.  S3b) . Figure 4f shows that the size of the FM islands is on the nm scale, giving rise to the SPM behavior. The calculated moments and diameters of the FM islands are in good agreement with corresponding typical values, D 19 nm and m 1.5 × 10 4 µ B , found experimentally (Fig. 3f) . However, in reality, disorder can give rise to a distribution of these quantities, as seen in figure. 3f. The quantities D, m, and p a show non-monotonic dependence on N , peaking at N 12 (Fig.  4f,g ). Around this thickness, a transition from insulating SPM to the metallic FM state could be induced by increasing the carrier concentration at the interface by an external gate voltage.
S2 Experimental details
All the measurements were performed at 4.2 K in He exchange gas at ∼ 1 mbar. The pixel size of all the SOT images shown in the main text is 5 × 5 nm 2 . Acquiring each image took ∼ 5 minutes.
S2.1 SQUID-on-tip (SOT) characteristics
The scanning SOT microscopy technique, including the Pb SOT fabrication and characterization, is described in Refs. 25,26,35. Figure S4 of the Pb SOT used to investigate the 8 u.c. sample, which is typical for our devices. It had an effective diameter of 114 nm (204 mT modulation period), 66 µA critical current at zero field, and white flux noise (at frequencies above a few hundred Hz) of 200 nΦ 0 Hz −0.5 . A different SOT of ∼ 100 nm diameter was used for each sample to study the local B z (x, y), as summarized in Table  T1 . Since the 4 and 5 u.c. samples produced a very weak signal, a larger SOT of 229 nm was used for both samples.
SOTs are sensitive only to the out-of-plane component of the magnetic field B z and can operate in the presence of elevated in-plane and out-of-plane fields. The field sensitivity of a SOT arises from the field dependence of its I c (H ⊥ ) and is maximal around the regions of large |dI c /dH|. Therefore, the SOTs usually have poor sensitivity at H ⊥ = 0, as seen from Fig. S4 . Using a vector magnet, we have applied a constant H ⊥ to bias the SOT to a sensitive region and then imaged the local B z (x, y) at various values of H up to our highest field µ 0 H = 250 mT. The presence of H ⊥ did not cause any observable effect on B z (x, y) because of the in-plane magnetization of LMO with large anisotropy. The values of the applied H ⊥ for the various samples are listed in Table T1 along with the estimated scanning height h of the SOT above the sample surface. For 6 to 24 u.c. samples, we have a more accurate evaluation of h, obtained from the best fit to ∆B z (x, y), as demonstrated in Fig. 2d and described Table T1 : SOT parameters for various samples. Listed are the SOT diameters, the applied out-ofplane field µ 0 H ⊥ at the working point, and the estimated height of the scanning SOT above the sample surface.
S2.2 Sample fabrication and characterization
The LMO films on TiO 2 -terminated single crystal STO (001) substrates were deposited by pulsed laser deposition (PLD) from a polycrystalline LMO target in an oxygen partial pressure of 10 −2 mbar at 750 • C by using 1.8 J/cm 2 pulses at 248 nm with a repetition rate of 2 Hz. The STO substrates (CrysTec GmbH, Berlin) of 5×5 mm 2 and 0.5 mm thickness were double-side polished and chemically treated in buffered hydrofluoric acid and annealed at 950 • C in oxygen, resulting in singly-terminated STO surface with atomically flat terraces of single STO unit-cell height and terrace width of ∼ 300 nm. The layer-by-layer growth of the films was monitored in situ using reflection high-energy electron diffraction (RHEED) and the samples were cooled to room temperature in oxygen at the deposition pressure. Figure S5 presents representative atomic force microscopy images of N = 12 and 24 u.c. LMO films showing that atomic-step terraces are preserved, demonstrating the layer-by-layer growth of the LMO thin films. 
S2.2.1 Global magnetization measurements
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Global magnetization measurements of the samples were done using a Quantum Design magnetic properties measurement system (MPMS) vibrating sample magnetometer. Figures S6a,b show the magnetic hysteresis M (H) loops for LMO samples of different thickness N . The 'STO' curve refers to a bare STO substrate that went through the same process, not including PLD. The finite hysteretic signal of the bare STO may either arise from an artifact such as residual magnetic field of the magnetometer's superconducting magnet [36] or from silver paint contamination of the substrate [37] .
The N = 4 and 5 u.c. samples show a very small change in magnetization relative to the bare STO, while a substantial difference is observed upon increasing the thickness by a single u. Figure S7 , revealing the onset of magnetism below T c =100K. Field cooling (FC) was done using a cooling field µ 0 H = 1 T and a measurement field of µ 0 H = 0.1 T was applied during the warm-up process. Zero field cooling (ZFC) measurements were done during warm-up in the presence of the indicated measurement field values. As shown in Fig. S7a , ZFC curves display a maximum at T max which decreases with H as summarized in Fig. S7b . In addition, magnetic hysteresis loops (Figs. S7c and S7d) acquired at different temperatures show that the coercive field µ 0 H c decreases with increasing temperature, down to 10 mT at 55 K. The behavior of T max and the hysteresis loops point to a possible existence of a blocking temperature T B 80 K [38, 39, 40, 41, 42] .
S2.3 Additional B z (x, y) and ∆B z (x, y) images
We explored several different regions of the samples with no qualitative differences. Figure S8 shows a large area B z (x, y) scan of 10 × 10 µm 2 of the N = 12 u.c. sample after ZFC, demonstrating the relative uniformity of the magnetic features. 
S2.4 In-plane anisotropy
By applying H at different angles, we find a significant in-plane magnetic anisotropy of the SPM islands. For H oriented close (θ = 7 • ) to the [100] STO direction (x-axis), the angular distribution of the SPM magnetization reversals is peaked at θ = 0, as shown in Fig. S10a and illustrated by the ∆B z (x, y) image in Fig. S10d . For H at 52 • , most of the events are still oriented around θ = 0 • (Figs. S10b,e) . However, few events appear at angles close to θ = 90 • . When H is at 97 • (Figs. S10c,f) , the angular distribution shows a broad maximum around the y-axis ([010] STO). The in-plane magnetization thus shows fourfold anisotropy with fourfold easy axes along the LMO crystallographic directions that are locked to the underlying STO crystal structure. The observed differences in the anisotropy barrier for the two orthogonal directions is caused apparently by symmetry breaking at the cubic-to-tetragonal transition of STO at T < 105 K, leading to domain structure [43] .
S2.5 Simulations of B z (x, y)
To simulate the local field distribution B z (x, y) in the SPM state, we use a random distribution of non-overlapping magnetic islands using the experimentally attained distribution of sizes and moments m in the 8 u.c. sample shown in Fig. 3f . Figure S11a shows the ZFC state in which the in-plane moment orientation was taken to be random along x and y easy axes, as discussed in the previous section. The shown B z (x, y) was calculated using the experimental values of SOT diameter of 114 nm and scan height of 105 nm. The result of Fig. S11a compares well with the experimental data in Fig. 3a both in the size of characteristic features and in the span of B z (x, y). Figure S11b shows B z (x, y) of the same 'sample' as in Fig. S11a but with all the moments oriented randomly either in +x or +y directions in order to simulate the fully magnetized case at H > H c applied at 45 • with respect to the x axis. In contrast to the FM case, in which a uniform field is attained at full magnetization, the resulting B z (x, y) remains highly inhomogeneous because the SPM islands are well separated. Figure S11b shows that a fully magnetized SPM state displays B z (x, y) that is similar to the ZFC state with a moderate reduction in the field span consistent with the experimental data in Figs. 3a-d of the main text. An SPM state fully magnetized in +x and +y directions (Fig. S11c ) results in B z (x, y) that is identical to Fig. S11b but of opposite polarity, as observed experimentally in Figs. 3b,c. Similar result is attained by polarizing all the islands in the +x direction (Fig. S11d) , indicating that all the islands have fully reversed their magnetic moments. Movie M1 shows a sequence of 1.5 × 1.5 µm 2 B z (x, y) images in the N = 8 u.c. sample acquired upon increasing µ 0 H set from 0 to 150 mT in steps of 1 mT applied at θ = 52 • relative to the x axis (and the [100] STO direction) after full magnetization of the sample at −250 mT. The first frames of the movie mainly show the instrumental x, y drift arising from application of H . With increasing µ 0 H set subtle changes in B z (x, y) at random locations begin to be visible. These changes grow significantly on approaching H c 95 mT followed by reduction in the changes at higher fields. Note that the B z (x, y) images at the beginning and at the end of the movie are practically inverted, indicating that all the SPM islands have fully reversed their moments.
Movie M2 shows a similar process in the N = 12 u.c. sample upon increasing µ 0 H set from 0 to 250 mT at θ = 7 • . After the initial drift, random small changes become visible. Our maximal in-plane field of 250 mT is, however, insufficient to reach a full inversion of all the SPM islands.
The corresponding ∆B z (x, y) images in the N = 12 u.c. sample are shown in Movie M3 for µ 0 H set from 125 to 250 mT obtained by subtraction of consecutive images in Movie M2 (note an order of magnitude smaller color bar span). Randomly-appearing dipole-like features show the magnetization reversal process of SPM islands. Most of the dipole-like features are oriented close to the x direction along the easy magnetization axis of [100] STO.
Movie M4 shows the x,y coordinates of the SPM island reversal events (after drift correction) in the N = 8 u.c. sample as H set is increased. The events show random uncorrelated behavior consistent with the SPM state. The compilation of all the locations is presented in Fig. 3e .
The thermally activated process of the magnetic reversal of the SPM islands is presented in Movies M5 and M6 of N = 6 u.c. sample. The in-plane field was rapidly ramped to 60 mT and a sequence of B z (x, y) images (Movie M5) was acquired at a constant µ 0 H = 60 mT for about 1.5h. The acquisition time of each image was 360 sec with 20 sec interval between the images.
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The sequence of ∆B z (x, y) images (Movie M6) is attained by subtraction of consecutive B z (x, y) images. The dipole-like features in Movie M6 show that following the rapid increase in µ 0 H the islands continue to reverse their moments predominantly in the direction of µ 0 H for an extended period of time through a thermally activated process. The number of the reversal events decays with time as seen in Movie M6. The relaxation rate of the total in-plane magnetic moment dM dt in the scanned area presented in Fig. 2g is obtained by vectorial summation of the reversing moments m along µ 0 H direction for each frame of Movie M6.
S2.7 Data analysis of ∆B z (x, y) and the fitting procedure
For each sample, a sequence of B z (x, y) images was acquired, increasing µ 0 H set in steps of 1 mT from 0 to 250 mT after sweeping the field from -250 mT. After numerically detecting and correcting the relative drifts in the x, y plane, each pair of images was subtracted to obtain ∆B z (x, y) (Fig.  2c) . Each dipole-like feature in ∆B z (x, y) is assumed to originate from a SPM island that reversed its in-plane magnetic moment oriented at an angle θ from −m to +m. The value of m is determined by the diameter D and thickness N e (taken from theory in Fig. 4e ) of the island using magnetization of 4 µ B /Mn with lattice parameter of 0.39 nm. Fitting is then performed with D, θ, and h as free parameters including a convolution with the SOT size (keeping the same N e and SOT height h for all islands). Figure 2d shows an example of the fit result. Since D is smaller than h and the SOT diameter, the resulting ∆B z (x, y) is essentially described by a point-like in-plane magnetic moment m almost independent of its size D. Therefore, the choice of N e (taken from theory) affects the derived D but has little effect on the derived value of m.
